Abstract. Sanguisorba officinalis is a natural plant that has been traditionally used for the treatment of inflammatory and metabolic diseases. Several studies have reported that its extracts exhibit anticancer, antioxidative and anti-lipid peroxidation activities. However, the effects of this plant on human prostate cancer cells have not yet been investigated. In the present study, we investigated the inhibitory effects and underlying mechanisms of a methanol extract of Sanguisorba officinalis (MESO) in PC3 human prostate cancer cells. MESO significantly decreased cell growth and induced apoptosis through the intrinsic apoptosis pathway. MESO decreased the expression levels of myeloid cell leukemia-1 (Mcl-1), a Bcl-2-like anti-apoptotic protein that is highly expressed in various cancer cell lines. Expression levels of the pro-apoptotic protein Bax were increased by MESO whereas those of Bak and Bcl-xL were unchanged. In addition, MESO induced the oligomerization of Bax in the mitochondrial outer membrane. These results suggest that MESO inhibits the growth of prostate cancer cells and induces apoptotic cell death by the downregulation of Mcl-1 protein expression and the oligomerization of Bax. Therefore, MESO has potential as a drug candidate for the treatment of prostate cancer.
Introduction
Prostate cancer is the most common form of cancer among men in the US. In 2010, it was reported that 220,000 men were newly diagnosed with prostate cancer and 32,050 men succumbed to the disease (1) . Almost one in six men are likely to develop prostate cancer at some point in their lives, with the majority of incidences occurring after the age of 50 (2) . Various therapies, including hormones, surgery, radiation and chemotherapy, have been used for the treatment of prostate cancer. However, all of these treatments suffer from limitations, and in the majority of cases, a relapse of the disease occurs (3) . Therefore, new strategies for the treatment of prostate cancer are required (4) .
The Bcl-2 family of proteins, including anti-apoptotic [Bcl-2, Bcl-xL and myeloid cell leukemia-1 (Mcl-1)] and pro-apoptotic (Bax, Bak, Bad, Bid, Bim, Puma and Noxa) members, regulate apoptotic processes through an intrinsic mitochondrial apoptosis signaling pathway (5) . One of the anti-apoptotic proteins, Mcl-1, is highly expressed in a number of cancer cell types to promote their survival (5) (6) (7) (8) . Several studies have revealed that Mcl-1 expression correlates with the resistance of cancer cells to chemotherapy and that the genetic inhibition of Mcl-1 induces apoptosis in several types of cancer (9) (10) (11) (12) (13) . Interestingly, recent studies have shown that the overexpression of Mcl-1 in cancer cells is inhibited by various medicinal plants to induce apoptosis (9, 14, 15) .
Sanguisorba officinalis L. is a valuable medicinal plant in Korea, China and Japan, where it is used traditionally for the treatment of inflammatory and metabolic diseases, including diarrhea, chronic intestinal infections, duodenal ulcers and bleeding (16) . Previous studies have reported that S. officinalis L. includes various biologically active compounds and exhibits anticancer activity (17, 18) . However, the molecular mechanism underlying this anticancer activity has not yet been fully investigated. Therefore, the aims of this study were to evaluate the growth-inhibitory effect of a methanol extract of S. officinalis L. (MESO) on human prostate cancer cells and to elucidate the signaling pathway instrumental in mediating MESO-induced apoptosis in human prostate cancer cells. This study provides evidence that MESO induces apoptotic cell death to inhibit the growth of prostate cancer cells. In addition, the downregulation of Mcl-1 expression and the oligomerization of Bax in the mitochondrial outer membrane are revealed to mediate the apoptotic cell death. 
Methanol extract of
was added to each well and the cells were incubated for 2 h at 37˚C. The MTS solution was analyzed using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) at 490 and 690 nm (background).
DAPI staining. DAPI staining was performed to determine the morphology of the cell nuclei following treatment with MESO. Briefly, the PC3 cells were treated with MESO or 0.1% DMSO and harvested by trypsinization. The cells were resuspended in PBS, deposited on poly-L-lysine-coated slides, stained with DAPI solution (2 µg/ml) and observed under a fluorescence microscope.
Western blot analysis. The MESO-treated PC3 cells were harvested and suspended in lysis buffer. Following sonication, the cell lysates were cleared by centrifugation at 13,000 rpm for 20 min at 4˚C. The protein supernatant fractions were subjected to SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes and blocked with 5% skimmed milk in Tris-buffered saline containing 0.1% Tween 20 (TBST). The PVDF membranes were incubated with primary antibody in TBST overnight at 4˚C. The membranes were then washed with TBST and incubated with secondary antibody in 5% skimmed milk in TBST for 90 min at room temperature (RT). After washing with TBST, the membranes were developed using an enhanced chemiluminescence detection kit (ECL, Santa Cruz Biotechnology).
Crosslinking. To evaluate Bax oligomerization, the PC3 cells were treated with DMSO or MESO for 48 h. The cells were harvested and suspended in a conjugation buffer with 10 mM EDTA. The lysates were incubated with 0.2 mM 1,6-bismaleimidohexane (BMH, Thermo Fisher Scientific, Waltham, MA, USA) at RT for 1 h and then extracted using lysis buffer for western blot analysis.
Statistical analysis. Data were assessed for statistical significance using the Student's t-test. A p-value <0.05 compared with the vehicle control was considered to indicate a statistically significant result.
Results

MESO decreases the growth of PC3 cells.
To determine the growth inhibitory effect of MESO in PC3 cells, we first investigated the morphological changes in the cells using optical microscopy. The images revealed that the cells rounded up and their numbers clearly decreased in a concentration-dependent manner (Fig. 1A) . The effect of MESO on cell viability was examined using an MTS assay. MESO inhibited the proliferation of the PC3 cells in a concentration-dependent manner. The ID 50 value of MESO for the PC3 cells was 120 µg/ml (Fig. 1B) . These results suggest that MESO is an inhibitor of PC3 human prostate cancer cell growth.
MESO induces apoptosis through an intrinsic signaling pathway in PC3 cells.
To investigate whether the MESO-induced growth inhibition was related to an apoptotic effect, apoptotic cell death in the MESO-treated PC3 cells was evaluated by DAPI staining and western blot analysis using anti-caspase 9 and anti-caspase 3. The results revealed that the treatment of the cells with MESO increased the number of condensed and fragmented nuclei compared with DMSO treatment (Fig. 2A) . In addition, MESO activated caspase 9 and caspase 3 (Fig. 2B) . These results suggest that the growth inhibitory effect of MESO in the PC3 cells was due to apoptotic cell death.
MESO increases the level of Bax expression by inhibiting the Mcl-1 anti-apoptotic protein.
Having confirmed that MESO induced apoptosis and thereby inhibited the growth of PC3 cells, we next investigated the molecular mechanism underlying the MESO-induced apoptosis. When the PC3 cells were exposed to MESO for 48 h, the expression levels of Mcl-1 protein decreased in a concentration-dependent manner (Fig. 3A) . We also analyzed the expression levels of the Bcl-2 family proteins that are essential for apoptotic signaling. The results demonstrated that the expression levels of Bax protein in the PC3 cells were increased by MESO, whereas those of Bak and Bcl-xL proteins were not (Fig. 3B ). This suggests that MESO reduces the Mcl-1 protein levels and increases the Bax protein levels in PC3 cells to induce apoptosis.
MESO increases Bax oligomerization in the mitochondrial outer membrane.
According to previous studies, when apoptotic signals are received, BH3-only proteins competitively bind to the hydrophobic groove of the anti-apoptotic proteins and displace Bax, which mediates structural reorganization, leading to mitochondrial targeting and homo-oligomerization (19) . Therefore, we examined whether MESO affected Bax oligomerization in the PC3 cells. The results revealed that MESO increased Bax oligomerization in a concentration-dependent manner (Fig. 4) . This suggests that MESO promotes Bax oligomerization in the mitochondrial outer membranes of the PC3 cells.
Discussion
Several studies have revealed that certain naturally occurring medicinal plants inhibit the growth of various cancers (20) (21) (22) . Specifically, it has been reported that the use of medicinal plants among prostate cancer patients is extremely popular (23, 24) . One of these plants, Sanguisorba officinalis L., has been effectively used for the treatment of inflammation and metabolic diseases, as well as cancer (24, 25) . Its ethanol extract exhibits anticancer activity by inhibiting nitric oxide (NO) and prostaglandin E2 through suppression of the NF-κB and AP-1 activation signaling cascades. However, the anticancer activity of a methanol extract in PC3 human prostate cancer cells has not yet been investigated. Therefore, we evaluated the effects of MESO on the growth of PC3 cells and the mechanisms underlying these effects. Initially, we investigated the effects of MESO on cell morphology and viability using light microscopic observation and MTS assays. The exposure of the PC3 cells to various concentrations of MESO clearly caused a concentration-dependent inhibition of cell growth and cell detachment, suggesting that MESO inhibited the proliferation of the prostate cancer cells by affecting cell viability. We then 
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investigated the apoptotic effects of MESO in the PC3 cells and found that MESO induced apoptosis, as evidenced by the concentration-dependent appearance of nuclear condensation and fragmentation and increased amounts of cleaved poly(ADP-ribose) polymerase. Mammalian cell apoptosis is initiated by intrinsic or extrinsic pathways (20) . The intrinsically mediated pathway is known as the mitochondria-initiated pathway and in this pathway cytochrome c is released from the mitochondria, which converts procaspase 9 into active caspase 9. Activated caspase 9 then cleaves and activates downstream caspases, including caspases 3, 6 and 7 (19) . We sought to determine whether the MESO-induced apoptosis was intrinsic or extrinsic. The results revealed that the levels of the cleaved forms of caspase 9 and caspase 3 were increased by MESO, indicating that MESO induced apoptosis through the intrinsic signaling pathway to inhibit the growth of PC3 cells.
Numerous apoptosis-related genes, including pro-apoptotic genes (Bax and Bak) and anti-apoptotic genes (Bcl-xL, Bcl-2 and Mcl-1), play significant roles in the apoptotic signaling pathway. The expression of Mcl-1 protects cancer cells from the apoptotic signaling pathway (26) . Several studies have reported that prostate carcinogenesis is induced by the involvement of overexpressed Mcl-1 genes, and that downregulation of the Mcl-1 gene leads to apoptosis in prostate cancer cells (27, 28) . This suggests that Mcl-1 is a good molecular target for the treatment of prostate cancer. Since the mechanism by which MESO exerts its apoptotic effects is unclear, we investigated the effects of MESO on the expression of the Mcl-1 protein in PC3 cells. We found that MESO decreased the expression levels of the Mcl-1 protein. The Mcl-1 protein is primarily localized in the outer mitochondrial membrane and promotes cell survival by suppressing cytochrome c release from the mitochondria via hetero-dimerization with, and neutralization of, effector pro-apoptotic Bcl-2 family members, including Bax and Bak (5, 29, 30) . However, when apoptotic signals are received, activator BH3-only proteins (Bim, PUMA and tBid) bind and activate Bax and/or Bak directly if they are not bound and neutralized by Bcl-2-like proteins, including Mcl-1 (5, (31) (32) (33) (34) (35) (36) . Thus, we investigated the effects of MESO on Bax, Bak and Bcl-XL. The data demonstrated that MESO increased the Bax protein levels in PC3 cells whereas the levels of Bak and Bcl-xL proteins were unchanged. These findings indicated that MESO may regulate Bax protein levels as a downstream molecule of the Mcl-1 protein.
The permeabilization of the mitochondrial outer membrane is initiated by changes in the expression of Bcl-2 family proteins. The structural reorganization of Bax from its inactive conformation leads to mitochondrial targeting and homo-oligomerization (19) . Oligomerization releases cytochrome c from the mitochondrial intermembrane space into the cytosol, where it binds to Apaf-1 and coordinates the formation of the Apaf-1/caspase 9 apoptosome (37-39). Bax activation is mediated by structural reorganization and leads to mitochondrial targeting and homo-oligomerization (19) . Several studies have reported that various anticancer drugs derived from plant extracts induce apoptosis in cancer cells that is accompanied by Bax oligomerization and the release of cytochrome c from the mitochondria into the cytosol (40) (41) (42) . Therefore, we sought to confirm the occurrence of Bax oligomerization in the PC-3 cells. In our study, we revealed that MESO induced Bax oligomerization in the PC3 cells in a concentration-dependent manner. These findings suggest that the MESO-induced Bax oligomerization promotes apoptosis through an intrinsic mitochondria-initiated apoptosis signaling pathway in the PC3 human prostate cancer cells.
In conclusion, we demonstrated that MESO has a growth inhibitory effect on PC3 cells and induces apoptosis via an intrinsic apoptotic pathway. We also provided evidence that the apoptotic effect of MESO is caused by the modulation of Mcl-1 and Bax protein levels, leading to the oligomerization of Bax in the mitochondrial outer membranes. Therefore, we suggest that MESO is a meaningful medicinal plant extract and a drug candidate for the treatment of prostate cancer. 
